ABSTRACT: The recent entry of X-ray free electron lasers (FELs) to all fields of physics has created an enormous need, both from scientists and operators, for better characterization of the beam created by these facilities. Of particular interest is the measurement of the arrival time of the FEL pulse relative to a laser pump, for pump-probe experiments, and the measurement of the FEL pulse length. This article describes a scheme that corrects one of the major sources of uncertainty in these types of measurements, namely the jitter in the arrival time of the FEL relative to an experimental laser beam. The setup presented here uses a combination of THz streak cameras and a spectral encoding setup to reduce the effect of an FEL's jitter, leaving the pulse length as the only variable that can affect the accuracy of the pulse length and arrival time measurement. A discussion of underlying principles is also provided.
Introduction
The accurate non-destructive measurements of the arrival time and the few-femtosecond pulse length at free electron laser (FEL) sources [1] [2] [3] [4] [5] are vital to understand the atomic, molecular, solid state, and chemical dynamics often being probed at these facilities. Furthermore, such measurements are important for the operation of an FEL, as they can provide a feedback to the electron beam accelerator parameters, and allow the operators to better control the quality of light they deliver to the users. To this end, several methods have been proposed over the years to measure both the pulse length of the FEL beam and its arrival time relative to a pump laser at an experimental station, like THz streaking [6, 7] , transmission/reflectivity spatial and spectral encoding [8] [9] [10] , and others [11, 12] . Another notable method is the recent use of plasma gating [13] to measure the pulse length of soft x-rays at FLASH. The methods that have been proposed and used thus far have different limitations -for example, the transmission or reflectivity-based spectral encoding methods only yield information about the arrival time, plasma gating is hard to use at hard x-ray photon energies, while THz streaking is of limited value if the shot-to-shot time-jitter of the FEL pulse relative to the experimental laser is too great. The only method that has been proven to be able to achieve time resolution measurements below the 10 fs and down to sub-fs FWHM regime is the THz streak camera taken to its limit and operated as a petahertz streak camera [14] [15] [16] in a well-controlled tabletop laser laboratory. However, such accuracy is not easily achievable at an FEL because they cannot, as of yet, reach the level of time stability achievable in a tabletop laser laboratory.
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To address these issues, the Paul Scherrer Institute (PSI) have developed a concept for a better pulse length and pulse arrival measurement method for the future SwissFEL project that could give few-fs resolution measurements with much larger tolerances for the jitter of the FEL. The method utilizes a pair of THz streak cameras set up downstream of each other and two infrared radiation sources with a locked 90 • phase-offset between them to measure pulse length. This photon arrival and length monitor (PALM) can be combined with a spectral encoding setup to achieve few-fs arrival time resolution.
2 Theory and design
THz streaking
Conventional streak cameras use photocathodes to generate electron bunches that mimic the structure of the light pulses that hit the photocathodes. Those bunches are then accelerated by a rising electric field, and then transversally deflected onto a screen according to the kinetic energy of the electron. The difference in their kinetic energy yields information about the structure of the light pulse. However, the time resolution of such a setup is limited to several hundred femtoseconds by the maximum achievable field strength and frequency [17, 18] . A THz streak camera corrects the main source of error, the initial dispersion of kinetic energies from the photocathode, by using a gas photoionized by the x-ray beam as an electron emitter that is completely contained within the deflecting electric field -an infrared or THz streaking field [14] [15] [16] . An excellent explanation of the THz streak camera concept is presented in [16] , but this article presents a short summary below.
The simplest description of the THz streaking phenomenon uses the semi-classical approach, with the photoionization of the electron assumed to be an instantaneous process. In this approach, we assume that the streaking electromagnetic wave E THz (t) = E 0 cos(ω thz t + φ ) interacts with a photoionized electron with a kinetic energy of K i = hν −W , where W is the atom's electron binding energy. In this case, the final kinetic energy of an electron drifting parallel to the electric field would be
where φ 0 is the phase at the instant of ionization and
is the energy gained by the electron from the vector potential of the electric field, with e and m e being the charge and mass of the electron, respectively. The middle term of (2.1) can be ignored when U p K i , as is often the case with x-ray photoionization. Therefore, the final kinetic energy of the photoelectron is dependent only on the vector potential of the electric field at the time of ionization and the photon energy of the x-ray pulse. Since the potential varies with time and the photon energy of the x-ray pulse stays constant, the final kinetic energy of the electron varies with the phase of the vector potential at the time of ionization -that is, its final kinetic energy shifts depending on when during the THz radiation cycle it is photoemitted. This shift in the final kinetic energy of the photoelectron can be used to measure when the photoionization took place with respect to the THz pulse. For a larger number of electrons generated by x-ray pulses at FELs, the difference in the final kinetic energy between the electrons ionized at the beginning and the end of the x-ray pulse can be used to calculate the length of the x-ray pulse as well, as shown in figure 1 .
Unfortunately, the arrival-time stability of an FEL source cannot match a laboratory setup with a self-synchronized high harmonic generation (HHG) and THz-source. The FEL pulse can arrive outside of the 'target' THz cycle, or on a part of the terahertz cycle where the difference between the final kinetic energies of the photoelectrons is not easy to evaluate -areas of the cycle that are not linear, like near the maxima and minima of the vector potential. Similarly, if the x-ray pulse is longer than the part of the THz cycle that contains a linear vector potential, a part of the x-ray pulse will be in the non-linear region and make the evaluation of the pulse length difficult -every pulse longer than the length of the linear region of the potential will yield the same final electron kinetic energy dispersion. The x-ray pulse must be shorter than the part of the THz cycle that has a linear vector potential slope.
To deal with these issues, most THz streak camera setups for FELs up to now have concentrated on creating THz fields with frequencies that were long enough to accommodate the x-ray pulse length [6, 7] and arrival time jitter. One could attempt to use single-cycle THz pulses to reduce the uncertainty of the position of the x-ray pulse relative to the THz pulse. Such pulses have been developed for experimental purposes already [7, 19] .
The main problem with single-cycle THz fields, however, is that their periods have to match or exceed the expected (or measured) jitter of the FEL they are supposed to characterize, which can be on the order of hundreds of femtoseconds or even picoseconds long. This typically means that the THz field may have frequencies that are difficult to reach -between 1 and 15 THz. 
Photon arrival and length monitor (PALM)
To solve this problem, we have developed the PALM. This setup combines two THz streak cameras with THz fields (and their vector potentials) offset by a 90 • phase from each other. In such a setup, the photoelectrons being ionized will always see a linear part of the vector potential in one of the two streak cameras, as shown in figure 2 , giving an accurate measurement of the pulse length regardless of the jitter of the FEL, leaving only the FEL pulse length as the limit on the THz cyclelength. Because the THz cycle no longer has to match the FEL jitter, the streak camera setup can use a multi-cycle infrared or THz field instead of a single-cycle pulse. For example, a 20 fs-long FEL pulse would require a 20 THz field.
The conceptual sketch of the PALM is shown in figure 3 . The two THz streak cameras would share the same IR source and similar focusing lengths, pulse intensities, and focal sizes to minimize the difference between the two setups. The phase difference between the two would be controlled by a delay stage. The sections below each describe the components in the proposed setup, and the options available for the optimization of the device.
The larger range of THz frequencies this scheme opens up also allows for possibilities of multi-cycle THz fields for frequencies that have a power conversion efficiency that is better than that for 1-15 THz. This multi-cycle solution, so long as its electric field-to-frequency ratio is still the same or better as a single-cycle setup, would allow for an even larger dynamic range in which the FEL beam can jitter relative to the laser. This setup, when combined with an less accurate but still mostly jitter-independent method for x-ray pulse arrival time measurement (like spectral encoding), can be used to also calculate the arrival time of the x-ray pulse relative to a laser pulse with femtosecond accuracy. A conceptual sketch of the PALM. The infrared radiation source for both cameras would be the same laser, and the phase between the two beams would be controlled by a nanometer delay stage.
Spectral encoding
An excellent summary of the use of spectral encoding to measure arrival time of an x-ray/optical delay with transmitted light is presented in [8] , and we present a short summary here. For spectral encoding an optical laser pulse is chirped so that different wavelengths of the optical pulse arrive at an interaction point at different times. The interaction point, a thin semiconducting foil (usually Si 3 N 4 ), transmits the light with different efficiencies depending on whether the foil was illuminated with x-rays from the FEL or not. When the foil is illuminated by the x-rays, its transmission of visible light changes [20, 21] , giving rise to a step function in the spectrum of the optical pulse when read out by a spectrometer. This method has been used to measure to resolve the arrival time of the LCLS x-ray pulse to below 10 fs RMS, and can possibly reach even better values with further development and research [22] .
When such a method is combined with the multiple THz-streak-camera setup described above, it could be used to cycle-encode the infrared pulse. That is, if the optical and infrared pulses are synchronized, spectral encoding can be used to figure out which cycle of the many-cycle infrared or THz field was the one that saw the FEL beam. Once identified, the information within the cycle could then be used to figure out a more accurate x-ray arrival time, and the pulse length of the FEL within the spectral encoding window.
3 Device development
THz generation
The development of laser-based high-power THz sources has made significant progress during the past 10 years [23] . Today, high-energy (up to 125 µJ [24] ) near-single-cycle pulses with average frequency below 1.5 THz can be obtained by the optical rectification of femtosecond laser pulses with tilted pulse fronts (TPF) in a LiNbO 3 crystal. A peak electric field exceeding 1 MV/cm was observed at tight focusing of 3 µJ THz pulses generated by this technique [25] . Attempts to use the TPF technique for obtaining THz pulses with higher frequencies result in a significant drop in the conversion efficiency [26] , which mainly occurs due to the strong increase of THz absorption in LiNbO 3 above 2 THz even at cryogenic temperatures.
There are other methods available to create strong THz radiation. The collinear optical rectification of intense, 1.2-1.5 µm femtosecond near-Infrared (NIR) laser pulses in organic salts crystals [27] [28] [29] [30] , is capable of generating up to 40 µJ in the frequency range of 1-10 THz and with an electric field strength of up to 1.8 MV/cm. Two-color gas ionization [31] [32] [33] has created 6 THz radiation with a field strength of 4.4 MV/cm at focus. Difference-frequency mixing of two NIR femtosecond laser pulses in a GaSe crystal [34, 35] has achieved frequencies of 10 to 60 THz at peak fields of 100 MV/cm [34] and 12 MV/cm [35] using few-cycle and single pulse laser beams, respectively. The highest values of peak electric field achieved up to now with near-single-cycle THz pulses as a function of pulse center frequency are presented in figure 4 .
The generation of strong electric fields by THz generation is not the only variable one must consider in a THz streak camera, however. Because the detector is sensitive to the vector potential of the electric field, the ratio of the electric field strength to the frequency of the field should be maximized, in accordance to equation (2.2).
The setup for THz generation for the prototype uses a LiNbO 3 crystal to generate a THz field with 1.5 ps FWHM duration from the same laser used to generate the HHG pulse. The THz radiation is focused on the interaction region with a parabolic mirror with a focal length of 17 cm, creating a spot size of 2.8 mm FWHM. The strength of the THz field is dependent on the energy of the IR beam that it is exposed to, and was measured by EO sampling to be 200 kV/cm with 5.8 µJ pulse energy from a 800 nm laser. Vacuum window flange material, spatial overlap with the HHG beam, and humidity are all issues that can reduce the vector potential seen by the photoelectrons and decrease the streak of the electron kinetic energies.
Electron time-of-flight spectrometers
The electron time-of-flight (eTOF) spectrometer is a standard tool in atomic, molecular, and surface physics, used to probe the electronic structure of materials. In its simplest form, it is a drift tube that measures the time between the photoionization of a sample by a photon and the arrival time of an electron flying through a drift tube. The time of flight between these two events is used to calculate the photoelectron's kinetic energy, which can be used to gain valuable information about the structure of the material being studied. An example of the technique is found in [36] .
In the case of x-ray photoionization, the kinetic energies of photoelectrons typically become higher as the photon energy of the incoming x-ray beam increases. Because the resolution of a time-of-flight spectrometer is a tied to flight time, while the kinetic energy of an electron goes as the inverse square of flight time, to get a good energy resolution for high energy photoelectrons, one needs to use an electrostatic retardation and lensing system in the eTOF to have the best resolution and largest count rate possible. The setup at the Paul Scherrer Institute would use a modified Kaesdorf ETF20 eTOFs made to be able to measure photoelectrons with kinetic energies up to 10000 eV with a time-of-flight resolution factor of up to 1000, which would cover the photon energy range of most hard x-ray FELs, like SwissFEL, LCLS, SACLA, and the European XFEL.
Xe is the best choice for the target gas for x-ray photoionization since it has the largest cross section of the safe noble gases. The electrons that are expected to be most easily observed are 2p electrons between about 4900 eV, just above the Xe 2p 3/2 threshold, and 14000 eV due to a combination of their number, cross section, and angular photoionization distribution. The choice of gases and electron levels is greater and easier for photon energies below 4800 eV.
Since most of the electrons ionized at hard x-ray photon energies tend to have high kinetic energies, the primary assumption one can make about the angular distribution of p electrons is that their flight path will favor the polarization vector of the x-ray pulse [37] . This means that the most efficient placement for the eTOFs would be in the polarization plane of the FEL beam, to increase the number of electrons that would fly towards the entrance of the eTOF for the largest range of photon energies.
To get the best kinetic energy resolution, the electrons should be as slow as possible, while the dynamic range of the eTOF should be large enough to see the full range of electron kinetic energies that could be reached because of the THz streaking field. This means that strong retardation on the eTOFs is an absolute necessity for any photon energies higher than the Xe 2s binding energy of 5453 eV, the highest reasonably achievable electron binding energy of a noble gas below about 14000 eV.
Pulsed gas jet
As the photon energy increases, the photoionization cross sections of the noble gases used for the THz streak camera decrease [38] . For example, the difference between the cross section of xenon between 90 eV photon energy and 14,000 eV photon energy is about four orders of magnitude.
This reduction in the cross section at higher photon energies has to be compensated if the method is to have a sufficient number of electrons to see the THz streaking effect. An Amsterdam cantilever piezo valve system [39, 40] can provide about 3.3 × 10 13 cm −3 particle densities 160 mm away from the nozzle, which should increase the amount of gas in the interaction region of the eTOFs by three or four orders of magnitude from what one would see if one simply flooded the experimental chamber to the same pressure without the nozzle. In other words, the use of the pulsed gas valve or some similar device is necessary to increase the number of gas atoms and photoionization events in the interaction region at higher photon energies. In our case, we mount the cantilever piezo valve about 25 mm above the x-ray photon beam, on an XYZ stage, and can optimize the position of the ionization region relative to the eTOFs with the signal intensities from the eTOFs.
Prototype setup and results
We have designed and built a prototype that consists of just a single THz streak camera with two e-TOFs on either side of the interaction region, as shown in figure 5 . The two eTOFs are meant to be combined to compensate for wavelength and position jitter of an FEL source by looking at the difference in eTOF spectra between the streaking effect in opposite directions. The difference would give us an absolute number, independent of any wavelength jitter from our x-ray source. The purpose of the prototype device is the calibration, testing, and optimization of the components and methods with lab-created and intrinsically-synchronized HHG and THz sources, and with future FEL sources. The findings below reflect our findings from our tests thus far with an HHG source, and are a guide to what components and techniques are necessary for the building of an optimized cycle-encoding device with two THz-streak cameras and a spectral encoding setup.
HHG source
The HHG source generates a XUV-pulse by focusing of an intense(typically 10 14 W/cm 2 ) fs laser pulse in a noble gas target [41, 42] . The interaction between the intense 800-nm (IR) laser pulse and the noble gas leads to the generation of an attosecond burst every half cycle of the driving field. Thus in the time domain this is an attosecond pulse train (APT), where the separation between the pulses is 1.3 fs. The overall APT length is in the order of the pulse duration of the generating pulse. In the spectral domain this corresponds to evenly spaced harmonics, separated by 3.05 eV, twice the laser frequency). We used the HHG setup for our prototype because of its compactness and high temporal stability as the best testbed for our measurements in the absence of an actual FEL. The photon energies generated by this method range between 20 and 150 eV, depending on the target gas.
Results
The first results from the prototype setup are very encouraging for the future development of the full PALM. The HHG setup that was used for the first tests with the prototype delivered an unfocused Ar-made HHG beam to the interaction region with he THz field and a pulsed jet of Xe gas. The HHG beam was estimated to have a diameter of about 5 mm at the interaction region, with about 10 8 photons per pulse. The photon energies generated by the HHG setup ranged between 22 and 45 eV, with harmonics evenly spaced at 3.05 eV intervals. The form of the spectrum can be seen in figure 6 . The very first attempt at finding overlap between the THz radiation and the HHG beam succeeded, and streaking was observed in the form of a shift in the position of the photoelectron peaks as a function of position of a delay stage that allowed us to shift the arrival time of the THz radiation with respect to the HHG beam. Figure 6 shows a typical photoelectron spectrum. The Xe 5p 1/2 and 5p 3/2 photoelectron peaks matched the HHG spectrum (measured by a grating spectrometer) offset by their binding energies, and made the eTOF time-to-energy calibration simple. The streak effect, also shown in figure 6 , varied for different HHG photoelectron peaks due to the difference in the kinetic energy of the electrons for each peak, but was typically between 1.5 and 2 eV at maximum. The photoelectron peaks with higher kinetic energies had the larger streaks. The uncertainty of the delay measurement between the THz field and the HHG beam by the prototype device was about 20 fs FWHM for the highest-kinetic photoelectron peaks, and about 60 fs FWHM for the less energetic photoelectron peaks. These measurements were derived from a statistical analysis of peak positions of hundreds of spectra acquired at delay intervals of 50 fs as we scanned the HHG beam through the linear region of the THz vector potential, observing the streaking at each delay. The decrease in accuracy at lower photon energies is related to equation (2.1) and the fact that a significant portion of the efficiency of the streaking effect is dependent on the kinetic energies of the photoionized electrons: lower kinetic energies create a less visible streaking effect. We believe the arrival time accuracy can be improved with better control over the spatial overlap between the THz and HHG beams.
The spectra shown in figure 6 are an average of 100 HHG pulse measurements. The diffuse beam and the low number of photons per pulse meant that so many had to be taken to see a meaningful peak distribution. The pulsed gas valve was synchronized with the HHG beam, causing the photons to interact with the gas at the moment when the gas pressure in the interaction region was highest. Effectively, each peak is a product of up to 10 10 diffuse photons interacting with the pulsed gas jet, although many of those were lost because the photon beam diameter was larger than the gas jet diameter. The typical number of photons expected at an FEL is on the order of 10 12 per pulse, while the cross section at energies between 5000 and 10000 eV is between two and three orders of magnitude lower [38] . Although literature data are lacking, the curves from [38] imply that the majority of the cross-section contribution at these photon energies come from Xe 2p electrons. a) b) Figure 6 . Photoelectron spectra and THz streaking results from the prototype setup. The plot in (a) shows the calibration procedure, where the photoelectron spectrum (blue) was matched to a spectrometer-measured spectrum, offset by the electron binding energy (green for the Xe 5p 1/2 , red for the Xe 5p 3/2 ). Plot (b) shows the streak observed for the spectrum as the delay stage scanned across the vector potential of the THz field. Therefore, the device should generate enough signal for single-shot measurements at an FEL so long as the FEL beam diameter is smaller than or the same size as the gas jet.
Conclusion
The tests with the prototype PALM setup have been used to confirm the viability of the proposed device for the hard x-ray FEL measurements of pulse arrival time relative to a THz radiation beam, and to confirm the selection of components and principles for the final design. With future developments of the PALM, we expect to be able to successfully create a device for SwissFEL (and FELs in general) that should be able to deliver pulse length and arrival time information with a better accuracy than what has been reported by various schemes so far: about 15 fs FWHM arrival time [7] [8] [9] [10] [11] and 5 fs FWHM pulse length measurements [7] . The ultimate goal is a single femtosecond resolution device for both arrival time and pulse length measurements. Furthermore, the scheme presented in this article would also allow the measurement of the pulse length and arrival time even with large jitters (relative to a pump laser) from the FEL beam. We would like to thank A. Cavalieri, S. Duersterer, R. Ivanov, and J. Liu for the fruitful discussions about the design of the device. Further thanks goes to the many technicians and scientists at the Paul Scherrer Institute for their support, especially B. Rippstein and P. Wiegand.
